Four uncemented Symax hip stems were extracted at three weeks and nine, 13 and 32 months, respectively, for reasons other than loosening. The reasons for implant removal were infection in two cases, recurrent dislocation in one and acetabular fracture in one. They were analysed to assess the effect and behaviour of an electrochemically deposited, completely resorbable biomimetic BONIT-hydroxyapatite (HA) coating (proximal part) and a DOTIZE surface treatment (distal part) using qualitative histology, quantitative histomorphometry and scanning electron microscopy (SEM). Early and direct bone-implant bonding with signs of active remodelling of bone and the HA coating were demonstrated by histology and SEM. No loose BONIT-HA particles or delamination of the coating were observed, and there was no inflammation or fibrous interposition at the interface.
Since the introduction of cementless designs for total hip replacement (THR), the greatest step forward to true osseo-integration was calcium phosphate coatings for early bone apposition and biological fixation. Of these, hydroxyapatite (HA) is the most used and documented, both in basic research [1] [2] [3] and in short- [4] [5] [6] and long-term clinical experience. 7, 8 Implant retrievals in humans have shown consistent evidence of osseo-integration. [9] [10] [11] The majority of the experience is associated with HA-coated implants using a firstgeneration plasma-spray technique, 12 which is an established technology, both cost-effective and reproducible. This so-called 'line-of-sight' coating technique has the disadvantage of coating only the outermost layer of the implant surface, like a paint spray, which occludes the deeper layers of the more open threedimensional surface textures. This will result in bone apposition to the superficial comparatively thicker coating, but not to the underlying titanium, thereby creating an extra interface. This unfavourable situation may exist for a long time, owing to the relatively insoluble, highly crystalline plasma-spray coating. Although there is no clear evidence that loss of plasma-sprayed coating affects the long-term performance of the implant, there is concern about deterioration of the bone-implant contact after degradation of the coating. 10, 13, 14 Another issue is that degradation of plasmaspray HA coatings might generate 'third-body wear' particles, which could initiate the differentiation of macrophages into osteoclasts, eventually leading to deterioration of the boneimplant bond and loosening. [15] [16] [17] Newer techniques, such as electrophoretic deposition, ion beam-assisted deposition and solution deposition can uniformly coat the superficial and deeper layers of implants with porous surfaces, resulting in a deeper bioactive layer applied onto and particularly into the more open surface structure of the implant. This provides a larger surface area for osteoconduction and creates a deeper and tighter anchorage to bone. The so called 'biomimetic' (nature-like) coatings such as BONIT-HA (DOT GmbH, Rostock, Germany) are based on the deposition and growth of microcrystalline calcium phosphate molecules from supersaturated calcifying solutions (simulated body fluids). [18] [19] [20] [21] [22] Usually these coatings are much thinner (2 µm to 20 µm) than the 50 µm to 200 µm thick plasma-sprayed coatings. This diminishes the risk of fatigue fracture and delamination, which were early concerns with the thicker and more brittle coatings. The thinner coatings are more evenly and controllably deposited and can be better regulated in terms of purity and crystallinity, and hence resorbability because of better control of the physiochemical circumstances (pH, temperature, saturation and calcium phosphate composition of the simulated body fluid) under which they are produced. 23 The advantage of lowtemperature processing is a more predictable and controlled environment for the deposition of the coating. This results in more crystallographically consistent coatings without creating undesired calcium phosphates than with the high temperatures (up to 20 000°C) of plasma spraying. Although there are pre-clinical studies with biomimetic coatings showing promising outcomes, 21, 22, 24 there is little clinical experience.
In this study, four retrieved uncemented Symax stems were analysed by qualitative histology, quantitative histomorphometry and scanning electron microscopy (SEM). Special attention was devoted to local tolerance, potential adverse effects, bioactivity and durability of their proximal BONIT-HA coatings, thereby recording their capacity for direct implant-bone bonding, the rate of remodelling and degradation of the coating and the possible consequences of this process for the bone coupling of the underlying hip stem. The effect of BONIT-HA applied proximally was related to DOTIZE treatment (DOT GmbH) on the distal part of the stem, a process of anionic oxidation, which was developed to diminish bone apposition and osseointegration, in order to optimise stress transfer from the prosthesis to the bone in the proximal HA-coated area.
Materials and Methods
The design of the Symax stem (Stryker, Montreux, Switzerland) is based on close geometrical analysis of human femoral anatomy through conventional radiography and CT. It aims at optimal fit and fill with loading of the proximal femur, thereby allowing more natural stress distribution and less stress shielding. Furthermore, a uniform interface stress pattern is pursued for the maintenance of optimal interface bonding. The achievement of both goals was confirmed pre-clinically by finite element analysis.
The stem is forged from Ti6Al4V alloy. It had a proximal plasma-sprayed commercially pure titanium coating (complying with the ASTM International specifications of ASTM F67 and ASTM F1580) 25 to enhance initial fixation, and a biomimetic electrochemically deposited BONIT-HA coating (ASTM F1088-87, ASTM F1609-95 and International Organization for Standardization (ISO) 13779-2; 25, 26 DOT GmbH; Fig. 1 ). Distally, it is treated with the DOT-IZE surface process (DOT GmbH), an electrolytic conversion of titanium surfaces in which the thin native oxide film is replaced by a thicker, oxidised conversion layer that reduces protein adsorption and hence distal bone apposition and osseo-integration. 27, 28 The roughened plasmasprayed titanium surface has an open porosity of 20% to 40% and an average pore size between 50 µm and 200 µm. The Ca/P ratio of the BONIT-HA coating is 1.6 (SD 0.1). It is described as 'nanocrystalline' HA 29 and the X-ray diffraction and infra-red spectroscopy patterns demonstrate a THE JOURNAL OF BONE AND JOINT SURGERY composition and crystalline structure similar to that of bone. 24 The initial coating, which is deposited electrochemically at room temperature, is a composite of brushite (CaHPO 4 .2H 2 O) converted to HA by NaOH treatment. 22, 24 It has a fine crystalline structure, where CaP crystals are fixed on the titanium plasma-sprayed surface in the shape of platelets and pins of 15 μm to 20 μm in length (Fig. 1 ) 30 and a high porosity of 60%. This creates an exceptional capillary effect, which enables complete moistening by bone marrow with early adhesion and proliferation of osteoblast-like cells. 22, 24 The adhesion strength of the BONIT-HA coating on the titanium plasma-sprayed coating, which should not be less than 15 MPa according to ISO 13779-4, 26 is 61.29 MPa (SD 6.26) (ASTM F1147-99). 25 Between November 2004 and August 2006, four uncemented femoral stems were extracted for different reasons (Table I) . After retrieval, they were treated according to the same protocol. There were no clinical or radiological signs of loosening at the time of extraction. Cases 1 to 3 were implanted in another hospital and case 4 in our department. The reason for removal in case 1 was an acetabular fracture. During the repair, the femoral component was taken out for better exposure of the acetabulum. In cases 2 and 3 there was a deep infection with Staphylococcus aureus resistant to several debridements and antibiotic treatments. During revision of case 4 for recurrent dislocation in a non-compliant patient, as well as improving the anteversion of the acetabular component, it was decided to replace the stem with a design with more offset.
The specimens were fixed in 3.7% to 4.0% formalin, buffered with zinc sulphate acetate at pH 5.6 to 5.8 and transported to an independent institute (Biomatech, Chasse-sur-Rhône, France). On the day of receipt, they were stored in 10% buffered formalin (pH 7.2 to 7.4). After fixation, cross-sections approximately 1.5 cm thick according to the Gruen zones 31 were made, using the EXAKT microcutting system (Apparatebau GmbH & Co., Norderstedt, Germany). Each segment was dehydrated in increasing concentrations of ethanol, cleared in xylene and embedded in polymethylmethacrylate (PMMA) resin.
One to five cross-sections approximately 30 μm thick were prepared in Gruen zones 1A to 7A, 1B to 7B, 1C to 7B, 2 to 6 and 3 to 5. The sections were obtained by a microcutting and grinding technique adapted from Donath and Breuner 32 and stained with a modified Paragon stain 33 for qualitative histology and quantitative histomorphometry. For the qualitative microscopic analysis, we used a Nikon microscope (Eclipse E600; Nikon France, Champigny-surMarne, France) fitted with ×5, ×10, ×20 and ×40 objectives, coupled to a digital camera (DN 100; Nikon France). For the quantitative analysis, the sections were evaluated using a Zeiss microscope (Axioskop; Carl Zeiss France S. A. S., Le Pecq, France) fitted with ×5, ×10, ×20 and ×40 objectives and equipped with a colour image analysing system (SAMBA; SAMBA Technologies, Meylan, France).
The quantitative histomorphometric evaluation of the surrounding bone (bone to implant contact and bone area density) was performed on seven standardised areas around the stem sections (1A to 7A, 1B to 7B and 1C to 7B) and on four areas around the distal sections 2 to 6 and 3 to 5 (29 areas in total). The surfaces of the individual areas of investigation varied from 10 mm 2 to 12 mm 2 and were located at the tissue-implant interface. Within the area of investigation the surface taken by bone was divided by the surface of the entire area in order to calculate the relative bone density in the vicinity of the implant. The length of the implant's interface having direct bone contact was divided by the length of the entire interface within the area of investigation in order to provide the percentage of the implant covered by bone (bone-implant contact). The means and SDs were calculated for each section and for the whole metaphyseal segment of the stem. Scanning electron microscopy (SEM). For SEM the blocks from the proximal part of the stem were dehydrated in acetone solution, submitted to critical point for dessication (optimal dehydration for optimised SEM pictures) and sputtered with gold palladium before observation. The analysis was conducted with a HITACHI S800 scanning electron microscope (Hitachi High-Technologies Europe GmbH, Krefeld, Germany) set at 15 KeV. Any significant event was recorded and photographed.
Results
Qualitative histology. The retrieved specimens showed successive changes during prospective peri-prosthetic bone remodelling and the effects of coating loss on bone-implant coupling. Although in case 1 there was bone over only a small surface of the explant owing to the short period of implantation, in all other cases there was extensive and qualitatively sound bone-implant bonding, defined as a continuum of mineral from the implant to the bone matrix without a fibrous tissue interface. 10 Histological examination consistently showed trabecular bridges from the surrounding bone to the implant surface. These bridges were characterised by mature lamellar bone with osteoblasts and osteocytes, except for case 1, which showed woven bone (Fig. 2a) . Active remodelling of bone was frequently seen, with osteoid lines as a sign of new bone formation (Figs 2b and 2c) .
In all specimens the BONIT-HA coating had completely disappeared, reflecting rapid degradation of this thin biomimetic and highly bioactive coating. There was, however, direct bone apposition onto and deep into the open structure of the exposed titanium plasma-sprayed layer, without a fibrous interface (Figs 2c and 3b) .
Histological slides did not reveal any toxic effect of the coating or the titanium plasma-sprayed substrate material, nor any inflammatory reaction or histiocytic proliferation, as would have occurred with polyethylene particles. There were no signs of such particles, metal debris or coating delamination. Furthermore, there was no fibrosis or osteolysis. These observations suggested a good 'sealing' effect of the BONIT-HA coating. Surprisingly, in the infected cases (2 and 3) there were no identified neutrophil polymorphonuclear or lymphocytic tissue reactions at the bone-implant interface. There was no osteonecrosis or increased osteoclastic activity, nor was there any fibrous coupling between the implant and host bone. In these infected cases it was also necessary to perform an extended trochanteric osteotomy to extract the stem. Thus, it seems that a deep infection does not severely compromise the process of osseo-integration.
In contrast to retrieval reports of other proximally or entirely HA-coated stems, 9,24,34 which showed signs of progressive osseo-integration in distal Gruen zones 2 to 6 and 3 to 5, our material did not show any unintended bone apposition, either macro-or microscopically, in the non-HA-coated stem areas (Fig. 2d) . As these were not post-mortem retrievals, instead of collecting the entire femur with the stem, most of the bone had to be separated from the stem to extract it. Therefore, quantitative histomorphometry, expressed as the percentage of bone-implant length contact and bone area density, was calculated in areas where bone came with the explant (referred to as 'relevant areas of interest'), in order to make comparisons with other published post-mortem retrieval reports. Otherwise, quantitative results would be extremely underestimated as a result of the extraction procedure. The division of these results over the entire implant surface, as if it were a post-mortem retrieval, is called the 'mean area of interest' (Table II) .
In case 1, after survival of only three weeks, 26.5% direct bone-implant contact was already seen in zone 1A to 7A in that part macroscopically covered with bone and 21.5% over the entire zone, illustrating the strong osteoconductive character of the BONIT-HA coating. The bone density percentage in this zone was 24.6% (mean 6.4%). For case 2, the bone implant contact percentage was between 33.4% and 79.1% in the relevant area of investigation (mean 51.7%) and the bone density percentage varied between 16.3% and 39.0% (mean 27.2%). In case 3 the bone implant contact percentage varied between 51.2% and 83.5% (mean 68.1%) and the bone density percentage between 26.0% and 39.3% (mean 32.5%). Considering the impressive amount of bone attached to the explant, and that case 4 had the longest survival of all the retrievals, the relatively low percentage of bone implant contact (22.3% (SD 0.3)) in the relevant area of investigation and 14.7% overall in the metaphyseal area, was less than might be expected. However, these numbers are an underestimation because, judging from its contour, the bone seemed initially to have been in close contact with the implant over a larger area, and a thin gap without fibrous tissue was believed to be a consequence of bone detachment caused by the retrieval process (Fig. 2f) .
On SEM analysis there were clear signs of direct bonetitanium plasma-sprayed coating contact, confirming the histological findings (Fig. 3 ) with bone trabeculae spread over the titanium plasma-sprayed layer without a fibrous interface. Complete resorption of the BONIT-HA coating was seen, which was apparently not detrimental to boneimplant coupling.
Discussion
This is the first retrieval study to show that the high bioactivity of the BONIT-HA coating is capable of fast and extensive bone ingrowth, both qualitatively and quantitatively, deep into the open surface texture of the Symax stem. In spite of the inherent rapid remodelling of the coating, both histologically and on SEM, there is a high degree of sealing of the bone-implant interface, with no negative effect on the short-term bone anchorage of the implant. This supports the expectation that the rough and porous surface texture of the biocompatible titanium plasmasprayed layer and design of the Symax for optimal fit and fill will be able to maintain long-term osseo-integration and implant stability. We found no adverse effects or signs of local intolerance on the coating, nor any loose particles from the BONIT-HA coating, either in isolation or phagocytosed at the interfaces or in the bone attached to the explants. The study demonstrates that the DOTIZE treatment can prevent bone apposition and osseo-integration at the distal part of the stem, creating optimal stress transfer characteristics to the bone and thereby reducing stress shielding of the proximal femur.
The debate on HA coatings focuses mainly on three controversies: first, should coatings be highly bioactive and hence more resorbable, or should they be stable to enhance bonding more permanently? [35] [36] [37] [38] Secondly, does HA resorption affect the strength of bonding between implant and bone? 16, 39, 40 Thirdly, can coatings be thin, or should they be thicker?
Although stable coatings may reinforce bonding for longer, they are intrinsically less bioactive. More bioactive coatings, however, deliver a high local source of calcium and phosphate ions for rapid-contact osteogenesis, and therefore tend to disintegrate faster. 21, 41, 42 The resorbability of coatings is determined by chemical factors (pH, crystal composition) and material structure (surface area, porosity), which also influence adhesion and the activity of precursor osteoblasts. 24, [43] [44] [45] [46] [47] [48] Resorption of the coating depends strongly on osteoclastic activity, which is ruled by these physicochemical characteristics. [49] [50] [51] Research on newer coatings should therefore be directed towards finding combinations of coatings with sufficient bioactivity to encourage bone ingrowth, but which do not dissolve before mechanical stability has been achieved through ingrowth.
Degradation of HA coatings forms an essential part in the remodelling of the bone-implant interface. Thinner coatings (i.e., BONIT-HA 2 μm to 20 μm) applied to metallic substrates achieve the strength properties of the underlying material, resulting in a better mechanical stability of the coating on the implant. Through transformation by osteoclastic activity, they can prevent heavy burdens of particulate material. Thicker 'first-generation' coatings, however (Furlong, approximately 200 μm thick), and to a lesser extent 'second-generation' intermediate coatings (Omnifit, 60 μm and ABG, 70 μm) because of their brittleness, may delaminate and theoretically release particulate apatite material with subsequent 'third-body wear' and osteolysis. 16, 17 That this has not been shown to be a clinical problem is possibly related to the sealing capacity of the implant-bone interface through early osseointegration. 52, 53 During this process, particularly in thin bioactive coatings, degradation of the calcium phosphate layer does not seem to initiate histiocyte or giant cell proliferation and The values for the stem surface with bone still attached (relevant area of investigation) are averaged over the entire surface (mean investigation), the value of which should be considered as an underestimation compared to post-mortem retrievals. The values highlighted in bold represent the areas with macroscopic bone attached, those highlighted in italics represent the mean over the entire metaphyseal part of this area * aoi, area of investigation † n.a., not analysed
THE JOURNAL OF BONE AND JOINT SURGERY wear-induced osteolysis as polyethylene particles do. This is probably because this HA does not behave like an abrasive or foreign-body particle, but as a natural calcium phosphate graft, which is more easily remodelled by osteoclasts or phagocytosed by macrophages and dissolved within their acid environment. For these and other reasons, therefore, it seems advantageous to apply biomimetic instead of conventional plasma-spray HA coatings. Processing is possible under better control of the physicochemical environment (neutral pH, low-/body-temperature), with improved regulation of crystallinity and Ca/P ratio, along with the rate of bioactivity and degradation. Thinner coatings can then be applied with a lower theoretical chance of delamination and a better and deeper coating of the threedimensional open surface texture of the implant. Depending on the surface characteristics of the implant (roughness and porosity), there will be improved bone-implant anchorage and long-term osseo-integration, even after the HA coating has disappeared. Faster osseo-integration will support early biological stability of the implant, thereby preventing its migration and the development of a fibrous and unstable interface. This may be particularly useful in patients with poor bone quality, such as those with osteoporosis. In the long term, these deposition techniques may create more complete sealing of the bone-implant interface as a protection against particle ingress and subsequent wear-induced peri-prosthetic osteolysis.
From other proximally or completely coated titanium stems it is known that the initial proximal osseo-integration is to some extent followed by progressive distal osseointegration. 54, 55 This will cause stress shielding at the femoral metaphysis, with bone resorption in Gruen zones 1 and 7, as recognised radiologically and from peri-prosthetic densitometry (DEXA). This potentially detrimental effect of distal stem integration may be prevented by the DOTIZE treatment, our retrieval results of which show complete absence of distal bone apposition (Fig. 2d) .
The histomorphometric results of BONIT-HA coating compared with plasma-sprayed coatings show good boneimplant contact and bone density percentage. In a postmortem retrieval study of femoral implants, Porter et al 10 compared femoral stems coated with plasma-sprayed HA (Bimetric; Biomet, Bridgend, United Kingdom) with implants of the same design but showing exposed titanium after degradation of HA, and porous-coated implants without HA. The bone-implant contact percentage in these groups was between 40% and 50% (HA coating still present), 24% (SD 5) (exposed titanium after HA degradation) and 21% (SD 14) (non-HA-coated porous stems), suggesting a decline in bone bonding with loss of HA. The porouscoated stems showed large areas with a fibrous tissue interface and barely adherent bone, with trabecular bridges to surrounding cancellous host bone.
Tonino et al 34 showed that the mean bone ingrowth in Gruen zones 1 and 7 of retrieved femora with the plasmasprayed HA-coated ABG stems (Stryker, Newbury, United Kingdom) varied between 22% and 56% of the total surface. Coathup et al 11 compared bone ingrowth and attachment in post mortem retrievals of one hip design (Bimetric; Biomet), proximally coated with either a plasma-sprayed HA porous coating, a plain plasma-sprayed porous coating or only grit-blasted (Interlok; Biomet). Bone attachment was respectively 37.3% (SD 2.5) (porous HA), 18.9% (SD 2.0) (plain porous) and 22.6% (SD 3.7) (Interlok). Bone ingrowth in the pores was 29.1% (SD 2.0) versus 21.8% (SD 2.1) (Interlok not mentioned). Bauer et al 9 assessed the amount of bone apposition on post-mortem Omnifit retrievals (Osteonics, Allendale, New Jersey) with proximal plasma-sprayed HA coating and found that it varied between 32% and 78%. For comparison, Cook et al 56 quantified bone ingrowth on porous-coated hip stems of different designs and saw bone growth into the available pore volume of < 10% in all cases, whereas the rest of the stem surfaces showed fibrous encapsulation.
All these results involve post-mortem retrievals in which a more representative osseo-integration for a particular stem design in all Gruen zones could be analysed without disruption by the extraction procedure. For the relatively new Symax stem for which there are as yet no post-mortem retrievals, we are restricted to 'relevant areas of interest'. Otherwise, the positive quantitative results of the Symax would be extremely underestimated because of the extraction procedure.
Although the amount of bone-implant contact and bone density within the relevant area of investigation is promising, the sample size of only four cases greatly limits more generalised conclusions. Further investigations of retrieved cases evaluating long-term osseo-integration are recommended. 
